Leaf mineral concentration of Citrus aurantium (sour orange tree) was measured at bi-monthly intervals from 30 to 85 months of exposure in a long-term study on the effects of a 300 µmol mol −" enrichment of atmospheric CO # , under conditions of high nutrient and water supply. There were clear seasonal trends in the concentrations of most of the elements studied. There were initial decreases in the leaf concentrations of N and the xylem-mobile, phloem-immobile elements Mn, Ca and Mg, as well as a significant and sustained increase in the leaf concentration of B, and no changes in the concentrations of K, Fe, Na, P, S, Zn and Cu. Interestingly, the initial reductions in the leaf concentrations of Mn, N, Ca and Mg gradually disappeared with time.

Increased atmospheric CO # concentrations have often been observed to decrease the mineral concentrations of various plant tissues, suggesting that mineral uptake did not increase at the same rate as dry matter accumulation in such experiments (Norby, O'Neill & Luxmoore, 1986 ; O'Neill, Luxmoore & Norby, 1987 ; Eamus & Jarvis, 1989 ; Pen4 uelas & Matamala, 1990 , 1993 Woodin et al., 1992 ; Overdieck, 1993) .
Some studies have suggested that a reduction in photosynthetic rate, due to such a nutrient dilution, might limit long-term growth responses to CO # (Larigauderie, Hilbert & Oechel, 1988 ; Brown, 1991 ; Woodin et al., 1992) and preclude CO # effects on growth in ecosystems that are poor in nutrients, such as the arctic tundra (Oechel et al., 1994) . However, there are also ecosystems rich in nutrients and, in addition, vegetation is not likely to be suddenly subjected to a dramatic increase in atmospheric CO # concentration (such as is typically imposed in CO # -enrichment experiments) within the context of on-going global environmental change. Different plant physiological processes might adjust or acclimate to a gradual increase in CO # at different rates and over periods ranging from hours to years, or generations (Eamus & Jarvis, 1989) . Despite the possibility of long-term acclimation, however, very few studies of the interactions between CO # and nutrient supply have extended beyond a single growing season.
Consequently, we chose to investigate this subject within the framework of a long-term CO # -enrichment study of sour orange trees that is being conducted at Phoenix, Arizona (Idso & Kimball 1994) , asking three questions. (1) Does leaf nutrient dilution occur at elevated CO # under conditions of high nutrient supply ? (2) Does leaf nutrient dilution ultimately reduce the initial CO # -induced increase in growth ? (3) Does any long-term adjustment or acclimation of leaf mineral concentration occur over a period of several years ?
  
In July 1987, eight sour orange tree (Citrus aurantium L.) seedlings, which had always been well watered and fertilized, were planted directly into the ground at Phoenix, Arizona within four clear-plasticwalled open-top enclosures. Since 18 November 1987 the air in two of these chambers had been maintained at a CO # mole fraction 300 µmol mol −" above that of the air in the other two chambers, which averaged 400 µmol mol −" over the course of the study, slightly above the global mean, presumably as a consequence of entrainment of some of the air that escaped from the tops of the CO # -enriched enclosures. Air supply to both treatments was through perforated plastic tubes lying on the soil beneath the trees, which provided a flow rate of four enclosure volumes per minute, as described in detail by Idso, Kimball & Clawson (1984) and Kimball et al. (1983 Kimball et al. ( , 1992 .
The elemental composition and specific leaf area () of the trees' leaves were observed for nearly 5 yr : from May 1990 (month 30 of the experiment) to December 1994 (month 85 of the experiment). Every 2 months throughout this period, 34 fully developed leaves distributed across the north side of each tree and 34 distributed across the south side of each tree were sampled and pooled. Their areas were measured immediately with a LiCor Model 3100 leaf-area meter (LI-COR, Lincoln, NE, USA), after which they were dried, weighed and sent to a local laboratory (I.A.S. Laboratories, Phoenix, AZ, USA) 1992 1988 1989 1990 1991 1993 1994 1995 [B] (% d. wt) for Mn, Ca, Mg, K, Fe, Na, P, Zn, Cu and B determinations by means of an ICP (Inductively coupled plasma emission spectrometer Spectro Analytical Instrument Inc., Fitchburg, MA) and N and S determinations by a CNS 2000 (LECO Corp., St. Joseph, MI).
Statistical analyses were conducted using  (repeated measurements). Statistical program package Statview 4.5 (Abacus Concepts Inc., Berkeley, CA, USA) was used.

Nitrogen concentration was lower, both on mass and area bases, under elevated CO # , especially in the first measuring period (Fig.1) . Figure 2 displays the leaf concentration of Mn, N, Ca, Mg, K, P, S, and B. Over the 56-month period of the study, which extended from month 30 to month 85 of the ongoing long-term experiment, the average leaf concentrations of Mn, N, Ca, K and Mg were reduced, respectively, by 12n6%, 10n1%, 6n26 %, 3n33 % and 2n63 % in the CO # -enriched trees ( Fig. 1 , Table 1 ). No differences between CO # treatments were found for Fe, Na, Zn and Cu (Table 1 ). The leaf concentration of B was increased by 9n57 % (Fig. 2 , Table 1 ). A strong seasonal oscillation for all displayed elements was evident in both CO # treatments. Calcium also exhibited a net upward trend over the period in both treatments. No seasonal changes were found in Na and Cu.
Calculating the percentage change in leaf mineral concentration caused by the extra 300 µmol mol −" of CO # for each of the measurement periods, the data of Figures (Table 1 ). This phenomenon is readily evident in Figure 1 c and Figure 3 , where it can be seen that the initial CO # -induced reductions in the leaf concentrations of these elements gradually disappeared over the course of the study. A similar trend was found for  (data not shown, but see Fig. 1 a, b for comparison of data based on mass and area). Hence, by the conclusion of the study, there was little difference in either mineral concentrations or  of the leaves of the ambient and CO # -enriched trees, except for B concentration, which was enhanced in elevated CO # .

The increase in carbohydrates typically observed in CO # -enrichment experiments might logically be expected to result in plant tissue nutrient dilutions (Lemon, 1983 ; Mousseau & Saugier, 1992 ; Idso, Kimball & Hendrix, 1993 ; Overdieck, 1993) . For most of the elements measured in the leaves of the sour orange trees in this long-term experiment, however, such was not the case. But as measurements did not begin until the 30-month point of the experiment, it is unknown whether there were some initial differences that had disappeared before elemental composition analyses began. Another reason for the absence of nutrient dilution in many of the elements studied is that they depend heavily on enhanced root growth for enhanced acquisition. Hence, as the CO # -induced increases in above-and below-ground growth in this experiment have been found to be virtually identical (Idso & Kimball, 1991 Idso, Kimball & Allen, 1991) , it is not surprising that the leaf concentrations of these elements have remained essentially unchanged over the years.
One of the most studied of these unaffected elements is the phloem-mobile P, which is often indicative of general plant nutrient status. There are several reports of P concentration in plant tissues being less influenced than other elements by atmospheric CO # enrichment (Norby et al., 1986 ; Overdieck & Reining, 1986 ; O'Neill et al., 1987 ; Overdieck, 1990 Overdieck, , 1993 ; therefore, the results are perhaps not that surprising, especially in light of the fact that the trees were always well fertilized.
Despite the high availability of soil nutrients in this experiment, the leaf concentrations of N and of xylem-mobile and phloem-immobile Mn, Ca and Mg were significantly smaller at elevated CO # both on mass and area basis than at ambient CO # in the initial stages of our sampling, as has also been widely observed by others (Woodin et al., 1992 ; Berryman, Eamus & Duff, 1993 ; Overdieck, 1993 ; McGuire, Melillo & Joyce 1995) . Apart from the simple dilution effect of increased carbohydrate concentration there was a specific response of those elements as shown by the fact that the decrease was significant both on mass and area basis (Fig. 1 a, b) . From a comparison of mass basis and area basis concentrations, 60-65 % of the decrease was estimated to be due to dilution (decrease in ) and 35-40 % to specific responses such as possible decreases in concentration of Rubisco and other enzymes. Throughout the early years of the study, therefore, these elements ' concentrations did not increase as much as dry matter accumulation. Because of the greater biomass of the CO # -enriched trees (Idso et al., 1991 , Idso & Kimball, 1992 , however, the total tree content of all elements, including Mn, N, Ca and Mg, was probably significantly greater at elevated CO # . The most important of the findings of this study is that the initial 15-25 % reduction in leaf Mn, N, Ca and Mg concentrations gradually disappeared over the 56 months of the measurement programme. Many authors have noted the potential significance of CO # -induced changes in leaf nutrient quality for herbivore feeding and development (Fajer, Bowers & Bazzaz, 1989 ; Lincoln, Fajer & Johnson, 1993 ; Lindroth, Kinney & Platz, 1993 ; Arnone et al., 1995) , for litter decomposition and for carbon sequestration in soils (Strain, 1985 ; Rastetter et al., 1992 ; Comins & McMurtrie, 1993 ; Schimel, 1995) . Based on the results of experiments that ended before the sampling programme of this study, it has been widely assumed that these phenomena would be significantly affected by CO # -induced alterations in leaf nutrient concentrations. However, the results of this investigation suggest that given enough time, or a realistically slow increase in atmospheric CO # , and optimal nutrient and water supplies there might be minimal changes in the elemental composition of plant leaves. This possibility is demonstrated by the results of this study, which emphasizes the importance of conducting long-term experiments on long-lived plants. However, current increases in atmospheric CO # concentrations relative to preindustrial levels have been suggested to decrease leaf mineral concentration in plants growing under suboptimal resource conditions, as shown by herbarium material studies (Pen4 uelas & Matamala, 1990 , 1993 . More long-term studies, especially at sub-optimal nutrient and water conditions, are needed in order to reveal the ultimate consequences of global environmental change. 
